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Open access under the EFive pilot-scale steam explosion pretreatments of sugarcane bagasse followed by alkaline deligniﬁcation
were explored. The solubilised lignin was precipitated with 98% sulphuric acid. Most of the pentosan
(82.6%), and the acetyl group fractions were solubilised during pretreatment, while 90.2% of cellulose
and 87.0% lignin were recovered in the solid fraction. Approximately 91% of the lignin and 72.5% of the
pentosans contained in the steam-exploded solids were solubilised by deligniﬁcation, resulting in a pulp
with almost 90% of cellulose. The acidiﬁcation of the black liquors allowed recovery of 48.3% of the lignin
contained in the raw material. Around 14% of lignin, 22% of cellulose and 26% of pentosans were lost dur-
ing the process. In order to increase material recovery, major changes, such as introduction of efﬁcient
condensers and the reduction in the number of washing steps, should be done in the process setup.
 2012 Elsevier Ltd. Open access under the Elsevier OA license.1. Introduction
In order to satisfy the growing demand for renewable energy
without affecting the food sector, rawmaterials, such as lignocellu-
losic bioresources, should be utilised (Hahn-Hägerdal et al., 2006;
Wyman, 2008). The conversion of lignocellulose into different
kinds of chemicals and materials according to a bioreﬁnery concept
is also a relevant issue for the sustainable development of the
chemical industry in a future post-petroleum scenario (Zhang,
2008).
In Brazil, the generation of sugarcane bagasse has increased
during the last years as a result of the expansion of ethanol produc-
tion. Per ton of harvested cane, 270–280 kg of bagasse (50% mois-
ture) is produced. The annual production of sugarcane bagasse in
Brazil is estimated at 186 million tons (Soccol et al., 2010). Cur-
rently, most of the bagasse is used as solid fuel in sugar mills
and ethanol distilleries; however, it has been demonstrated that
modernisation of the boilers and the rationalisation optimisation
of steam usage could satisfy the energy requirements of the plants
with around 50% of the produced bagasse. The excess bagasse
could be used in different applications, including ethanol produc-
tion (Cardona et al., 2010; Soccol et al., 2010).
A key step in the production of ethanol from lignocellulosic
materials is the hydrolysis of cellulose, which can be catalysed: +55 19 35183164.
.M. Rocha).
lsevier OA license.either with acids or enzymes. Because of its higher potential sugar
yield and its lower environmental impact, enzymatic hydrolysis is
more attractive than acid hydrolysis (Taherzadeh and Karimi,
2007); however, enzymatic hydrolysis is restricted by several fac-
tors, mainly by the crystalline structure of native cellulose ﬁbres,
and by the presence of hemicelluloses and lignin on the cellulose
surface, which impedes access of cellulases to the substrate
(Himmel et al., 2007; Laureano-Pérez et al., 2005). Therefore, a pre-
treatment must be implemented prior to enzymatic hydrolysis
(Hendriks and Zeeman, 2009). This pretreatment step strongly
inﬂuences downstream costs by determining fermentation toxic-
ity, enzymatic hydrolysis rates, enzyme loadings, mixing power,
waste treatment demands, and other process variables (Wyman
et al., 2005).
Among several pretreatment methods investigated for lignocel-
lulosic bioresources (Hendriks and Zeeman, 2009; Mosier et al.,
2005), steam explosion has been proven to be effective for different
materials (Saddler et al., 1993), including sugarcane bagasse
(Martín et al., 2002, 2008; Rocha et al., 2011a,b), and its effective-
ness can further be increased if lignin is removed from the pre-
treated material (Palonen, 2004).
In an effective pretreatment, all the biomass components should
be recovered in a way that they could be upgrade to valuable prod-
ucts, but important material losses often occur which affect the
economy of the process. Since many pretreatment studies report
only the compositional analysis of the streams, it is often difﬁcult
to verify the integrity of the biomass components. Applying mass
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nent and the material losses occurring in each operation (Hatzis
et al., 1996). In a recent report, Garlock et al. (2011) used material
balances for comparing different pretreatment technologies for
switchgrass, but steam explosion was not included.
Therefore, this work was aimed to gather mass balance data on
pilot-scale steam explosion pretreatment and alkaline deligniﬁca-
tion processes in order to estimate the cost of ethanol production
from sugarcane bagasse cellulose.
2. Methods
2.1. Raw material
Sugarcane bagasse batches, each weighing approximately
200 kg and having 50% moisture content, were obtained from sev-
eral sugarcane mills and ethanol distilleries (Vale do Rosário, Santa
Elisa, São Martinho, Nova América, Usina Açucareira Ester S.A-
Cosmópolis) in São Paulo state, Brazil. The material was dried at
ambient temperature until the dry matter content was above
90%, and stored at 4 C. A portion of each type of bagasse was
milled in a Willey type mill to a particle size of 16/60 mesh and
used for raw material analysis.
2.2. Pretreatment
Pretreatment and deligniﬁcation processes were carried out
according to the scheme shown in Fig. 1. In each pretreatment
experiment, 10 kg of dry bagasse was loaded into a 200-L stainless
steel reactor (Confab Industrial S/A, São Caetano do Sul, S.P., Brazil).
The reactor was hermetically closed, and steam was injected until
a pressure of approximately 1.3 MPa (equivalent to 190 C) was
achieved. After 15 min of pressurisation, the reactor was suddenly
depressurised by an operator standing at a safe distance, and the
steam-exploded slurry was discharged into a 500-L cyclone, and
collected in a cylindrical container. By centrifugation of the slurry
at 542.1g for 10 min in a 100-L semi-industrial centrifuge
(GRISANTI Máquinas industriais Ltda, Ribeirão Pires, S.P., Brazil),
the solid fraction, hereafter referred to as cellulignin, was sepa-
rated from the liquid fraction, hereafter referred to as hemicellulo-
sic hydrolysate. The cellulignin was thoroughly washed by
resuspending it in a previously determined volume of water and
centrifugation at 542.1g for 10 min until the yellow colour of the
efﬂuent was totally removed. A total of ﬁve washing cycles was
performed. In each cycle, the exact amount of used water and of
the removed efﬂuent was measured.Fig. 1. Flow chart of the separation processes for2.3. Posthydrolysis
In order to achieve complete hydrolysis of the hemicelluloses-
derived oligomers contained in the liquid streams, the hemicellulo-
sic hydrolysates and the efﬂuents from the washing steps were
posthydrolysed by adjusting the pH to 0.9–1.0 with 98% H2SO4
and incubation at 121 C for 30 min in autoclave (Phoenix AV plus
100 L, Araraquara, S.P., Brazil). The composition of the efﬂuents ob-
tained in each washing cycle was analysed by HPLC. The recovery
of polysaccharides was calculated from the amount of detected
monosaccharides.
2.4. Alkaline deligniﬁcation
The cellulignin obtained in each of the ﬁve pretreatment exper-
iments was submitted to alkaline deligniﬁcation in a 350-L stain-
less steel-coated cast iron reactor, equipped with a stirrer, and
heated through a jacket with thermal oil. The reactor was loaded
with water and heated to 95 C. After that, 6.6 kg of dry cellulignin
and NaOH solution were added. The ﬁnal concentration of NaOH
was 1% (w/v), and the liquid-to-solid ratio was 20:1. The reaction
mixture was heated to 100 ± 2 C and held under stirring
(80 rpm) for 1 h.
When the reaction time had elapsed, the reactor was dis-
charged, and the raw cellulose (hereafter referred to as cellulosic
pulp) was separated from the lignin-rich soluble fraction (hereafter
referred to as black liquor) by centrifugation at 542.1g for 10 min.
The cellulosic pulp was thoroughly washed (seven washing cycles)
until lignin was completely removed and no more yellow colour
was observed. Then, it was submitted to chemical characterisation
and stored at 4 C for further enzymatic hydrolysis studies. The
black liquor was collected and stored for further lignin recovery.
2.5. Lignin precipitation
Lignin was isolated from the black liquors by precipitation after
acidiﬁcation. The liquors were transferred to a 500-L tank, and
approximately 1.5 L of 98% sulphuric acid was added until a pH
of approximately 2.0 was reached. The precipitated lignin was sep-
arated by centrifugation (542.1g, 10 min), and washed six times
with water (100 L each time) until a ﬁnal pH of approximately
6.0 was achieved and negative test for sulphates using the barium
chloride method (Welcher and Hahn, 1964) was obtained. The
washed lignin was dried at 70 C and weighed. The concentration
of soluble lignin in the supernatant was determined for each of
the six washings.the main components of sugarcane bagasse.
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The chemical composition of the solid materials (raw bagasse,
cellulignin and cellulosic pulp) was analysed by analytical acid
hydrolysis followed by chromatographic analysis of the hydroly-
sate, and by gravimetric determination of acid-insoluble lignin fol-
lowing a methodology adapted by Rocha et al. (1997). Raw bagasse
was extracted with a 2:1 (v/v) ethanol/cyclohexane mixture for 8 h
before hydrolysis in order to remove organic extractives. The
extractive-free bagasse was washed with water at 70 C, dried,
and submitted to hydrolysis. In the analysis of cellulignin and cel-
lulosic pulp, no prior extraction was performed. All the analyses
were performed in triplicates.
Aliquots (2 g) of the material were treated with 10 mL of 72%
H2SO4 in a 100-mL beaker maintained in a thermostated bath at
45 C for 7 min with vigorous shaking. The reaction was stopped
by addition of 50 mL of distiled water, and the resulting mixtures
were quantitatively transferred to 500-mL Erlenmeyer ﬂasks,
where the acid was diluted with water to a ﬁnal volume of
275 mL. For completing the hydrolysis of the unhydrolysed oligo-
saccharides, the ﬂasks were covered with aluminium foil and auto-
claved for 30 min at 1.05 atm. After depressurisation, the ﬂasks
were cooled to room temperature, and the hydrolysis mixtures
were ﬁltered using previously dried and weighed analytical ﬁlter
papers. Each hydrolysate was collected in a 500-mL volumetric
ﬂask, and the ﬁltration residue was washed with 50-mL portions
of distiled water. The water washes were added to the ﬂask with
the hydrolysate until completing the ﬂask volume, and the mixture
was immediately submitted to HPLC analysis.
The acid-insoluble lignin retained on the ﬁlter was thoroughly
washed until the sulphate anions were removed (approximately
1500 mL), and dried at 105 C until constant weight. For determi-
nation of the ash content in acid-insoluble lignin, the dry residue
was quantitatively transferred to a weighed crucible, incinerated
at 300 C for 40 min and at 800 C for 2 h. The mass of the ashes
was determined in an analytical balance after cooling the crucible
with the incinerated sample in a desiccator (ASTM, 1966).
2.7. Analysis of the chemical composition of the liquid fractions
Sugars, acetic acid and furan aldehydes in the liquid streams
generated in the process (hemicellulosic hydrolysates, black li-
quors and washing waters), as well as in the analytical acid hydrol-
ysates were analysed by HPLC. Triplicate samples were ﬁltered
through a Sep Pak C18 ﬁlter, and the ﬁltrate was injected into
the HPLC system (Shimadzu C-R7A, Kyoto, Japan). Cellobiose, glu-
cose, xylose, arabinose and acetic acid were separated with an
Aminex HPX 87H (300  7.8 mm, BIO-RAD, Hercules, CA) at 45 C
using 5 mM H2SO4 as mobile phase at a ﬂow rate of 0.6 mL min1,
and detected with an RI detector (Shimadzu RID-6A). Furfural and
hydroxymethilfurfural (HMF) were separated on an RP-18 (C-18)
125  4 mm column (Hawlett-Packard), and detected with a UV–
visible detector (Shimadzu SPD-10A) at 25 C using a mobile phase
composed of 1% acetic acid-containing 1:8 acetonitrile–water solu-
tion pumped at 0.8 mL min1. The concentrations of glucose, cello-
biose and HMF were used for calculating the cellulose content,
whereas the content of hemicelluloses was calculated based on
the concentrations of xylose, arabinose, acetic acid and furfural.
Their masses were divided by the dry weight of the initial material
and multiplied by the hydrolysis factors, which were 0.9, 0.95 and
1.29, respectively, for glucose, cellobiose and HMF, and 0.88 for
both xylose and arabinose, 0.72 for acetic acid and 1.37 for furfural.
For the quantiﬁcation of the lignin contained in all the liquid
streams, 5 mL aliquots were diluted with distiled water and 2 mL
of 6.5 M NaOH giving a ﬁnal volume of 100 mL and a pH of approx-
imately 12.0. The absorbance of the resulting mixture was read at280 nm in a UV-spectrophotometer (Shimadzu UV-150-02). After
that, soluble lignin was calculated according to the following
expression, using previously determined absorptivity values (Ro-
cha et al., 1993), and considering the dilution ratios:
Clig ¼ 4:187  102 ðAlig280  Apd280Þ  3:279  104 ð1Þ
where:
Clig: concentration of soluble lignin (g L1);
Alig280: absorbance of the solution at 280 nm;
Apd280: absorbance of furfural and HMF
Apd280 ¼ C1  e1 þ C2  e2 ð2Þ
where:
C1: furfural concentration (g L1);
C2: HMF concentration (g L1);
e1: furfural UV-absortivity at 280 nm: e1 = 146.85 cm1 g1 L
(experimental value);
e2: HMF UV-absortivity at 280 nm: e2 = 114.00 cm1 g1 L
(experimental value);
3. Results and discussion
The compositional analysis of the raw materials revealed that,
independent of the origin, the chemical composition of the bagasse
was very similar, with rather narrow standard deviations between
the mean and the values of the individual samples (Table 1). The
obtained composition is in agreement with previous published
(Sanjuán et al., 2001; Martín et al., 2006; Martín and Thomsen,
2007; Rocha et al., 2010; Rocha et al., 2011a).
3.1. Pretreatment
The solid material recovered after pretreatment was 6625 g,
which indicates that around one third of the raw bagasse was sol-
ubilised. Most of the pentosan fraction (82.6%) and the whole acet-
yl group fraction were solubilised, whereas, cellulose (90.2%) and
lignin (87.0%) were mainly recovered in the pretreated solids.
The mineral components were rather evenly distributed in both so-
lid and liquid fractions. The recoveries of the individual compo-
nents were close to previously reported yields (Rocha et al.,
2010). Canilha et al. (2011) realised a pretreatment of sugarcane
bagasse with H2SO4 2.5% (w/v) at 150 C for 30 min and observed
a bagasse solubilisation of 41.7% w/w with less solubilisation of
cellulose and lignin. According to the chemical composition of
the cellulignin (Table 1), the contents of cellulose and lignin in
the solid material increased by approximately one third compared
to their content in the raw bagasse, whereas the pentosan content
decreased by around 74%.
The obtained cellulignin was submitted to ﬁve washing steps
and the average concentrations of the different components in
the liquid fractions are given in Table 2, which also shows the vol-
umes of fresh water used in the washing and obtained efﬂuents, as
well as the pH of the efﬂuents. The amounts of extracted compo-
nents decreased with the number of washes. Although in the
fourth wash the concentration of extracted components was very
low, another washing step was performed to ensure maximal re-
moval of chromophoric compounds not bound to the biomass.
Since the concentration of the compounds of interest in the efﬂu-
ent of the ﬁfth wash was negligible, it was discarded. A total of
225 L of liquid fractions was collected, and the total volume of
fresh water used was 350 L. For future works, it would be of inter-
est to investigate how much water would be required if only one
washing step would be performed.
The concentrations of pentoses in the liquid fractions were con-
siderably higher than those of glucose (Table 2), which is in accor-
Table 1
Mean chemical composition of the raw bagasse, cellulignin and cellulosic pulp. Standard deviations are shown in parentheses.
Component Content, % (w/w) Mass in a 10-kg batch of raw bagasse, g
In raw bagasse In cellulignin In cellulosic pulp In raw bagasse In cellulignin In cellulosic pulp
Cellulose 42.3 (0.5) 57.5 (0.3) 89.6 (0.9) 4225.0 (50.0) 3809.0 (28.5) 3162.0 (31.8)
Pentosans 25.1 (0.3) 6.6 (0.0) 3.4 (0.1) 2506.0 (30.0) 437.0 (1.4) 120.0 (1.8)
Acetyl groups 3.7 (0.0) 0.0 (0.0) 0.0 (0.0) 365.0 (2.0) 0.0 (0.0) 0.0 (0.0)
Total lignin 24.7 (0.1) 32.5 (0.2) 5.4 (0.0) 2474.0 (12.0) 2153.0 (14.6) 190.6 (0.7)
Ash 3.5 (0.0) 2.8 (0.0) 1.6 (0.3) 350.0 (3.0) 186.0 (2.0) 56.5 (10.6)
Total 100.0 (1.0) 99.4 (0.7) 100.0 (0.0) 10,000.0 (98.0) 6625.0 (46.5) 3530.0 (117.7)
Table 2
Volumes of fresh water (FW) and efﬂuents, and average pH and composition of the liquid fractions obtained after washing the cellulignin.
VolumeFW, L VolumeFiltrate, L pH Concentration, g/L
Glucose Pentoses Acetyl groups Lignina
Hemicellulosic hydrolysates – 8.9 (0.9) 3.5 (0.1) 4.9 (0.10) 55.6 (2.2) 11.2 (1.2) 6.7 (0.5)
First wash 100.0 68.5 (3.5) 3.75 (0.1) 1.2 (0.3) 13.4 (0.9) 2.6 (0.7) 1.7 (1.3)
Second wash 50.0 32.5 (2.5) 4.1 (0.2) 0.7 (0.1) 6.5 (0.5) 1.4 (0.1) 1.1 (0.1)
Third wash 100.0 86.0 (1.5) 5.7 (0.2) 0.1 (0.0) 1.1 (0.1) 0.2 (0.1) 0.3 (0.0)
Fourth wash 50.0 30.0 (2.0) 5.9 (0.2) 0.1 (0.0) 0.9 (0.0) 0.0 (0.0) 0.02 (0.0)
Fifth wash 50.0 D ND ND ND ND ND
D, discarded; ND, not detected.
a Measured as aromatics.
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(Table 1). However, the detected sugar concentrations did not ex-
actly match the amount of solubilised polysaccharides. The recov-
ery of polysaccharides, calculated using the sugar concentrations in
the liquid fractions, revealed the occurrence of considerable carbo-
hydrate losses due to degradation reactions (Fig. 2). The amount of
pentoses detected in the liquors accounted for a recovery of 84.1%
of the solubilised pentosans, which more than doubled the recov-
ery achieved for the solubilised cellulose (33.6%). The lower recov-
ery of glucans indicates that degradation reactions during
pretreatment occurred to a higher extend for pentoses than for glu-
cose. This result is in accordance with those of other reports, since
it is known that the susceptibility of pentoses to degradation under
acidic conditions is higher than that of hexoses (Canilha et al.,
2011).
The recovery graph (Fig. 2) also reveals some losses of lignin
and acetyl groups. The analysis method counts as lignin other aro-
matic compounds, such as furfural, HMF and some extractives
absorbing the UV 280-nm wavelength. Therefore, the losses of that
component were probably lower than the measured losses.
Taking into account the volumes of the liquid streams and the
concentrations of their main components (Table 2), the masses of0
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Fig. 2. Recovery of the main components in liquid fractions of the pretreatment
based on the content in the raw material (black bars), and on the amount of
solubilised components (white bars).the components recovered in the liquid phase were calculated.
The sum of those masses accounted for only around 2500 g, while
the material solubilised during pretreatment amounted almost
3400 g. In other words, 26.5% of the solubilised material was lost.
The losses might have occurred during the sudden opening of the
reactor valve. In order to avoid losses during steam explosion, a
condensation system for recovering the volatile compounds would
be required.3.2. Deligniﬁcation
In order to obtain a cellulose-rich pulp, the cellulignin was sub-
jected to alkaline deligniﬁcation. Signiﬁcant solubilisation of lignin
occurred, but thorough washing was required for recovering most
of the solubilised lignin since an important part of it remained in
the pulp. The average concentrations and mass of lignin in the li-
quors, as well as the volumes of fresh water used and the pH of
the ﬁltrates are given in Table 3. The amount of extracted lignin de-
creased from 1342 g in the black liquor to around 7 g in the sixth
washing step. A total of 513 L of liquor containing 2766.6 g of lig-
nin was collected in the washing steps. After that, an additional
wash with 100 L of water was performed for the complete removal
of lignin and total discoloration of the ﬁltrate, which had a ﬁnal pH
of 7.6. Thus, the total volume of fresh water used was 730 L.
The mass of cellulosic pulp obtained after deligniﬁcation was
3530 g, which is equivalent to 53.3% of the cellulignin entering del-
igniﬁcation and to 35% of the raw bagasse (Fig. 3). Since the con-
tent of cellulose in the pulp was 89.6% (Table 1), 83% of the
cellulose contained in cellulignin was preserved in the pulp,
whereas the recovery based on raw bagasse was 74.8%, i.e., a quar-
ter of the initial cellulose was solubilised during the pretreatment
and deligniﬁcation process.
Around 91% of the lignin contained in the cellulignin was solubi-
lised during deligniﬁcation as deduced from the recovery chart
(Fig. 3). Since part of the ligninwas solubilised during pretreatment,
the solubilisation occurring during deligniﬁcation corresponds to
79% of the lignin contained in the raw bagasse. In addition to lignin,
most of the pentosans (72.5%) and ash (69.6%) remaining in cellulig-
nin were also solubilised during deligniﬁcation.
Table 3
Volumes of fresh water (FW) and obtained liquors, and average pH and lignin content
in the black liquor and the efﬂuents obtained by washing the cellulosic pulp.
VolumeFW,
L
VolumeLiquor,
L
pH Lignin
Concentration,
g/L
Mass,
g
Black
liquor
30 110 12.2
(0.3)
12.2 (0.3) 1342.0
(13.4)
First wash 100 69 11.9
(0.4)
8.0 (0.6) 552.0
(41.4)
Second
wash
100 65 10.5
(0.3)
6.1 (0.5) 393.3
(32.5)
Third wash 100 70 9.8 (0.2) 4.0 (0.2) 280.0
(14.0)
Fourth
wash
100 68 8.9 (0.2) 2.1 (0.1) 139.0 (6.8)
Fifth wash 100 65 8.3 (0.2) 0.8 (0.1) 53.3 (5.0)
Sixth wash 100 66 7.6 (0.1) 0.1 (0.0) 7.26 (1.0)
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Fig. 3. Recovered material after deligniﬁcation. White columns, based on the mass
of cellulignin; black columns, based on raw bagasse.
Table 4
Volumes of fresh water (FW) and efﬂuents, pH and lignin content in the supernatant
of the lignin precipitation step and of the fresh water used in lignin washing.
VolumeFW,
L
VolumeFiltrate,
L
pH Lignin content
Concentration,
g/L
Mass,
g
Supernatant – 480 2.1 0.74 (0.06) 345.6
(30.2)
First wash 100 100 3.9 0.88 (0.05) 88.4 (5.3)
Second
wash
100 100 4.5 0.53 (0.04) 52.8 (3.8)
Third wash 100 100 4.9 0.16 (0.01) 15.6 (1.1)
Fourth
wash
100 100 5.8 0.04 (0.00) 3.6 (0.3)
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Lignin contained in the black liquors and washes was precipi-
tated, and washed with fresh water. The parameters of the super-
natant obtained after lignin precipitation, and of the liquid streams
obtained by lignin washing are displayed in Table 4. The waterTable 5
Mass balance of cellulose, lignin, pentosans and acetyl groups in the global process.
In the pulp, % In the hydrolysate, % Precipitated, %
Cellulose 74.9 ± 0.8 3.3 ± 0.4 –
Lignin 7.7 ± 0.1 9.8 ± 1.1 48.3 ± 4.7
Pentosans 4.8 ± 0.1 69.4 ± 9.7 –
Acetyl groups 0 94.4 ± 9.3 –used in the washings (100 L per step) was recovered. This is differ-
ent to the washing of the cellulignin after pretreatment and of the
cellulosic pulp after deligniﬁcation, where part of the used water
was always retained in the washed solids. The amount of the pre-
cipitated lignin was 1194 g, which is equivalent to 48.3% of the lig-
nin contained in the raw material (Table 5), and to 55.5% of the
lignin contained in cellulignin. A considerable fraction of lignin
either remained in the supernatant or was removed with the
washes. The sum of the masses of lignin detected in the liquid
streams amounted to 506 g, which is equivalent to 20.4% of the lig-
nin contained in the raw bagasse.
Material balances revealed that 13.8% of the lignin contained in
the raw bagasse was lost (Table 5). Most of the losses (10.6%) oc-
curred in the deligniﬁcation and precipitation stages, whereas in
the pretreatment only 3.2% of the lignin was lost.
The material balance of cellulose showed that only three
fourths of the initial content was recovered in the pulp, while the
other fourth was lost with different streams (Table 5). Most of
the losses (15.3%) occurred during deligniﬁcation, and they might
be due to peeling reactions, which are often responsible for the
degradation of polysaccharides in alkaline pulping (Fengel and
Wegener, 1989). Almost 10% of cellulose was hydrolysed during
pretreatment, but one third of that amount (3.3% of the initial con-
tent) was detected as glucose in the hemicellulosic hydrolysate. An
important part of the losses in the pretreatment was due to the for-
mation of furfural (0.75%) and HMF (0.10%). Other degradation
products (formic acid and levulinic acid) could be formed, but were
volatilised during the blow-up operation of the pretreatment reac-
tor, since they are not detected by HPLC. Physical factors during the
ﬁltration and washing operations might also have contributed to
the losses both in the pretreatment and in the deligniﬁcation.
The amount of pentosans identiﬁed in the ﬁnal products
amounted to 74.2% of their initial content, including 69.4% recov-
ered as pentoses in the hemicellulosic hydrolysate and efﬂuent of
cellulignin washes, and 4.8% contained in the cellulosic pulp (Table
5). The balance revealed that the losses of pentosans, which are
attributable to degradation and to physical reasons during ﬁltra-
tion and washing, were comparable in pretreatment (13.1%) and
deligniﬁcation (12.6%).
The total mass of the acetyl group fraction recovered as acetic
acid in the hemicellulosic hydrolysate was 94.4% of the initial con-
tent in raw bagasse (Table 5). The losses, accounting for 5.6%, are
also attributable to steam stripping during venting of the reactor
and to physical reasons during ﬁltration and washing.
No calculation of the material balance of the ash was made,
since some exogenous inorganic material, such as sand and soil,
is retained in the ﬁltering device, which makes it difﬁcult to accu-
rately determine the mineral compounds.
Taking into account the components recovered in a valuable
form, i.e. cellulose in the pulp, precipitated lignin, and hemicellu-
loses in the hydrolysate, only 64.4% of the material was recovered.
Taking into account all the components recovered in the solid and
in the liquid streams, 76.4% of the material was recovered. The lack
of closure of the mass balance is attributed to the degradation of
sugars during pretreatment, the stripping of volatile sugar degra-Remaining in the washes, % Losses, %
In pretreatment In deligniﬁcation
– 6.5 ± 0.7 15.3 ± 0,8
20.5 ± 1.6 3.2 ± 0.1 10.6 ± 0,4
– 13.1 ± 0.5 12.6 ± 0,7
– 5.6 ± 0,1 –
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also to physical losses occurring during washing of cellulignin, cel-
lulosic pulp and solid lignin obtained during pretreatment, deligni-
ﬁcation and lignin precipitation, respectively.
4. Conclusions
Although steam explosion pretreatment combined with alka-
line deligniﬁcation is an effective process for the separation of
the main components of sugarcane bagasse, the material balances
show that at pilot scale considerable losses occur due to degrada-
tion of carbohydrates, stripping of volatile by-products during
decompression of the steam explosion reactor, and washout during
washing of the solid fractions obtained during different stages of
the process. In order to increase material recovery, major changes,
such as introduction of efﬁcient condensers and the reduction in
the number of washing steps, should be done in the process setup.
Acknowledgements
CM gratefully acknowledges the ﬁnancial support given by the
Alexander von Humboldt Foundation. GJMR gratefully acknowl-
edges the Escola de Engenharia de Lorena/Universidade de São
Paulo and Brazilian Bioethanol Science and Technology Laboratory
(CTBE). VFNS gratefully acknowledges the ﬁnancial support given
by the Conselho Nacional de Desenvolvimento Cientíﬁco e
Tecnológico (CNPq), Brazil.
References
ASTM Methods. D.110656, 1966. Standard test method for lignin in wood, pp. 396–
398.
Canilha, L., Santos, V.T.O., Rocha, G.J.M., Silva, J.B.A., Giulietti, M., Silva, S.S., Felipe,
M.G.A., Ferraz, A., Milagres, A.M.F., Carvalho, W., 2011. A study on the
pretreatment of a sugarcane bagasse sample with dilute sulfuric acid. J. Ind.
Microbiol. Biotechnol. 38, 1467–1475.
Cardona, C.A., Quintero, J.A., Paz, I.C., 2010. Production of bioethanol from sugarcane
bagasse: status and perspectives. Bioresour. Technol. 101, 4754.
Fengel, D., Wegener, G., 1989. Wood: Chemistry Ultrastructure, Reactions. Walter
de Gruyter, Berlin.
Garlock, R.J., Balan, V., Dale, B.E., Pallapolu, V.R., Lee, Y.Y., Kim, Y., Mosier, N.S.,
Ladisch, M.R., Holtzapple, M.T., Falls, M., Sierra, R., Shi, J., Ebrik, M.A., Redmond,
T., Yang, B., Wyman, C.E., Donohoe, B.S., Vinzant, T.B., Elander, R.T., Hames, B.,
Thomas, S., Warner, R.E., 2011. Comparative material balances around
pretreatment technologies for the conversion of switchgrass to soluble sugars.
Bioresour. Technol. 102, 11063–11071.
Hahn-Hägerdal, B., Galbe, M., Gorwa-Grauslund, M.F., Lidén, G., Zacchi, G., 2006.
Bio-ethanol – the fuel of tomorrow from the residues of today. Trends
Biotechnol. 24, 549–556.
Hatzis, C., Riley, C., Plilippidis, G.P., 1996. Detailed material balance and ethanol
yield calculations for the biomass-to-ethanol conversion process. Appl.
Biochem. Biotechnol. 57 (58), 446–459.
Hendriks, A.T.W.M., Zeeman, G., 2009. Pretreatments to enhance the digestibility of
lignocellulosic biomass. Bioresour. Technol. 100, 10–18.
Himmel, M.E., Ding, S.Y., Johnson, D.K., Adney, W.S., Nimlos, M.R., Brady, J.W., Foust,
T.D., 2007. Biomass recalcitrance. engineering plants and enzymes for biofuels
production. Science 315, 804–807.Laureano-Pérez, L., Teymouri, F., Alizadeh, H., Dale, B.E., 2005. Understanding
factors that limit enzymatic hydrolysis of biomass. Appl. Biochem. Biotechnol.
124, 1081–1099.
Martín, C., Galbe, M., Nilvebrant, N.-O., Jönsson, L.J., 2002. Comparison of the
fermentability of enzymatic hydrolysates of sugarcane bagasse pretreated by
steam explosion using different impregnating agents. Appl. Biochem.
Biotechnol. 98 (100), 699–716.
Martín, C., López, Y., Plasencia, Y., Hernández, E., 2006. Characterisation of
agricultural and agro-industrial residues as raw materials for ethanol
production. Chem. Biochem. Eng. Q. 20, 443–446.
Martín, C., Marcet, M., Thomsen, A.B., 2008. Comparison of wet oxidation and steam
explosion as pretreatment methods for bioethanol production from sugarcane
bagasse. Bioresources 3, 670–683.
Martín, C., Thomsen, A.B., 2007. Wet oxidation pretreatment of lignocellulosic
residues of sugarcane, rice, cassava and peanuts for ethanol production. J. Chem.
Technol. Biotechnol. 82, 174–181.
Mosier, N., Wyman, C., Dale, B., Elander, R., Lee, Y., Holtzapple, M., Ladisch, M., 2005.
Features of promising technologies for pretreatment of lignocellulosic biomass.
Bioresour. Technol. 96, 673–686.
Palonen, H., 2004. Role of lignin in the enzymatic hydrolysis of lignocellulose. PhD
thesis. Helsinki University of Technology, Finland. pp. 13–32.
Rocha, G.J.M., Gonçalves, A.R., Oliveira, B.R., Olivares, E., Rossel, C.E.V., 2010.
Compositional variability of raw, steam-exploded and deligniﬁed sugarcane
bagasse. In: Proceedings of International Congress on Distributed Generation
and Energy in Rural Media-AGRENER 2010, Dezember 2010, Campinas, S.P.,
Brazil. Available at: <http://www.nipeunicamp.org.br/agrener/>
Rocha, G.J.M., Gonçalves, A.R., Oliveira, B.R., Olivares, E.G., Rossell, C.E.V., 2011a.
Steam explosion pretreatment reproduction and alkaline deligniﬁcation
reactions performed on a pilot scale with sugarcane bagasse for bioethanol
production. Ind. Crops Prod. doi:10.1016/j.indcrop. 2011.07.010.
Rocha, G.J.M., Martín, C., Soares, I.B., Souto-Maior, A.M., Baudel, H., Abreu, C.A.M.,
2011b. Dilute mixed-acid pretreatment of sugarcane bagasse for ethanol
production. Biomass Bioenerg. 35, 663–670.
Rocha, G.J.M., Silva, F.T., Araújo, G.T., Curvelo, A.A.S., 1997. A fast and accurate
method for determination of cellulose and polyoses by HPLC. In: Proceedings of
the V Brazilian Symposium on the Chemistry of Lignin and Other Wood
Components 5. Curitiba, Brazil, pp. 113–115.
Rocha, G.J.M., Silva, F.T., Schuchardt, U., 1993. Improvement of a rapid UV
spectrophotometric method for determination of lignin in alkaline solutions.
In: Program and Abstracts of the III Brazilian Symposium on the Chemistry of
Lignin and other Wood Components. Belo Horizonte, September 8th–10th,
1993, 73pp.
Saddler, J.N., Ramos, L., Breul, C., 1993. Steam pretreatment of lignocellulosic
residues. In: Saddler, J.N. (Ed.), Bioconversion of Forest and Agricultural
Residues. CAB International, Wallingford, pp. 73–91.
Sanjuán, R., Anzaldo, J., Vargas, J., Turrado, J., Patt, R., 2001. Morphological and
chemical composition of pith and ﬁbers fron Mexican sugarcane bagasse. Holz
Roh Werkst. 59, 447–450.
Soccol, C.R., Vandenberghe, L.P.S., Medeiros, A.B.P., Karp, S.G., Buckeridge, M.,
Ramos, L.P., Pitarelo, A.P., Ferreira-Leitão, V., Gottschalk, L.M.F., Ferrara, M.A.,
Bon, E.P.S., de Moraes, L.M.P., Araújo, J.A., Torres, F.A.G., 2010. Bioethanol from
lignocelluloses: status and perspectives in Brazil. Bioresour. Technol. 101,
4820–4825.
Taherzadeh, M.J., Karimi, K., 2007. Enzyme-based hydrolysis processes for ethanol
from lignocelulosic materials: a review. Bioresources 2, 707–738.
Welcher, F.J., Hahn, R.B., 1964. Semi-micro qualitative analysis. Encyclopedia of
Chemical Technology. Interscience Publishers, New York.
Wyman, C.E., 2008. Cellulosic ethanol: a unique sustainable liquid transportation
fuel. MRS Bulletin 33, 381–383.
Wyman, C.E., Dale, B.E., Elander, R.T., Holtzapple, M., Ladisch, M.R., Lee, Y.Y., 2005.
Coordinated development of leading biomass pretreatment technologies.
Bioresour. Technol. 96, 1959–1966.
Zhang, Y.H.P., 2008. Reviving the carbohydrate economy via multi-product
lignocellulose bioreﬁneries. J. Ind. Microbiol. Biotechnol. 35, 367–375.
